Complete mechanistic understanding of impaired microvascular reflow after myocardial infarction will likely lead to new therapies for reducing infarct size. Myocardial contrast echocardiography perfusion imaging and molecular imaging were used to evaluate the contribution of microvascular endothelial-associated VWF (von Willebrand factor) and platelet adhesion to microvascular no-reflow.
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I
n the era of early reperfusion therapy for acute myocardial infarction (MI), impaired microvascular reflow remains an important challenge and influences infarct size and risk for heart failure and death. 1 Microvascular no-reflow after ischemia-reperfusion (IR) is multifactorial, 1 ,2 yet therapies specifically used for this phenomenon are those that influence vascular tone. 3 Drugs that inhibit platelet aggregation that are used to maintain epicardial artery patency have been shown in some but not all clinical trials to modestly improve post-MI microvascular reflow, 4 suggesting a possible role of platelets in microvascular obstruction. However, there is sparse evidence of in situ microvascular platelet adhesion and aggregation because of the lack of methods for observing this process in vivo.
Ultrasound molecular imaging with microbubbles targeted to the VWF (von Willebrand factor) and to platelets has been developed for studying atherosclerotic disease and provide information exclusively on events that occur at the blood pool-endothelial interface. [5] [6] [7] [8] VWF is a large GP (glycoprotein) that is stored in an ultralarge multimeric form in endothelial Weibel-Palade bodies and, upon secretion, circulates in a folded nonactive conformation. 9 Multimeric VWF that remains endothelial associated or is attached to exposed collagen undergoes shear-mediated unfolding with exposure of the A1-binding domain for platelet GPIbα, which mediates adhesion. 9, 10 It has been suggested that excess ultralarge multimeric form and secondary microvascular platelet adhesion after myocardial IR could occur through impairment of ADAMTS13 (a disintegrin and metalloproteinase with a thrombospondin type-1 motif, member 13), which proteolytically cleaves VWF multimers. 11 In mice, ADAMTS13 deficiency has been shown to increase infarct size whereas VWF deficiency protective. 12, 13 In this study, we used myocardial contrast echocardiography (MCE) perfusion imaging and myocardial microvascular molecular imaging of VWF and platelet-endothelial adhesion to directly evaluate the role of platelet adhesion in impaired microvascular reflow within the risk area early after IR and its influence on subsequent infarct size.
METHODS
Animal Models
The data, analytic methods, and study materials will be made available to other researchers for purposes of reproducing the results or replicating the procedure. The study was approved by the Animal Care and Use Committee at Oregon Health & Science University. The data, analytic methods, and study materials will have been made available to other researchers for purposes of reproducing the results or replicating the procedure. Studies were performed in WT (wild type) C57BL/6 mice, and mice with genetic deletion of ADAMTS13 (ADAMTS13−/−) on a C57Bl/6 background. For all studies, mice were anesthetized with inhaled isoflurane (1.0%-1.5%) and kept euthermic. For contrast imaging studies, catheters were placed in a jugular vein for contrast administration.
In Vivo Imaging Study Design
Protocol 1
Closed-chest myocardial IR with 30 minutes of transient left anterior descending coronary artery (LAD) occlusion was performed in WT mice (n=40), WT mice treated with recombinant full-length human ADAMTS13, 5 µg IV (R&D Systems, Minneapolis, MN) just before IR (n=14), and ADAMTS13−/− mice (n=16). During LAD occlusion, MCE was performed to assess regional perfusion. Between 30 and 60 minutes after reflow, MCE microvascular molecular imaging was performed with microbubbles targeted to GPIbα on adherent platelets and to the A1-domain of endothelial-associated VWF. Imaging with control nontargeted microbubbles was also performed. On completion of molecular imaging, microsphere-derived risk area and infarct area by 2,3,5-triphenyltetrazolium chloride staining were evaluated. Four sham-treated WT mice were also studied.
Protocol 2
To determine whether endothelial-associated VWF and platelet adhesion detected in protocol 1 were associated with impaired microvascular reflow at the same time interval, a similar protocol of myocardial IR was performed in WT mice (n=9), WT mice treated with ADAMTS13 (WT+ADAMTS13; n=3), and in ADAMTS13−/− mice (n=8). MCE perfusion imaging was performed 30 minutes post-reflow, followed by measurement of risk area and histological infarct area.
CLINICAL PERSPECTIVE
Rapid restoration of epicardial coronary artery flow has been the primary treatment goal for improving outcomes in acute myocardial infarction. Yet, impaired microvascular reperfusion remains an unsolved clinical problem that contributes to expansion of infarct size after intervention. Microvascular no-reflow is complex and multifactorial. In this study, we have integrated information on molecular imaging and perfusion imaging to demonstrate that after ischemia-reperfusion injury, platelet adhesion to the microvascular endothelial surface occurs as a result of excess endothelial VWF (von Willebrand factor) and that this process contributes to impaired microvascular reflow and infarct size. We also show that it is possible to rescue the normal process that removes excess VWF from the endothelial surface with a recombinant form of the enzyme ADAMTS13 (activity of disintegrin and metalloproteinase with a thrombospondin type-1 motif member 13), which could represent a therapy for improving microvascular reflow and reducing infarct size.
Protocol 3
To test whether differences in microvascular molecular phenotype and reflow in protocols 1 and 2 influenced ultimate infarct size, myocardial IR using 45 minutes of LAD occlusion was performed in WT mice (n=24), WT+ADAMTS13 mice (n=16), and ADAMTS13−/− mice (n=12). The longer ischemic time was used because of small infarct size found with 30 minutes of ischemia. Three days after IR, transthoracic echocardiography was performed followed by measurement of microsphere-derived risk area and histological infarct area.
Myocardial IR
A closed-chest model of MI was used to negate the known effects of thoracotomy and cardiac exposure on early postreperfusion MCE molecular imaging and microvascular perfusion.
14 Several days before scheduled MI, mice were anesthetized, intubated, and placed on positive pressure mechanical ventilation. A small left lateral thoracotomy was performed to expose the basal anterior wall. An 8-0 prolene suture was placed under the LAD and was left unsecured. The free ends of the suture were exteriorized through the chest wall and left in a subcutaneous position during closure. On a subsequent day, mice were reanesthetized, the suture was exteriorized through a skin incision, and tension was placed on the suture for 30 minutes. Ischemia was confirmed by ST-segment elevation on ECG and wall motion abnormality in the LAD territory on transthoracic echocardiography. Shamtreated animals received a suture without tightening. For protocol 3, because early imaging on the day of MI was not performed, myocardial IR for 45 minutes was performed with open thoracotomy during the initial surgery.
Targeted Microbubble Preparation
Biotinylated lipid-shelled decafluorobutane microbubbles were prepared by sonication of gas-saturated aqueous lipid dispersion of polyoxyethylene-40-stearate (1 mg/mL), distearoylphosphatidylcholine (2 mg/mL), and distearoylphosphatidylethanolamine-PEG (2000) biotin (0.4 mg/mL; Avanti Polar Lipids). Surface conjugation of biotinylated ligands was performed as described previously. 15 Microbubbles targeted to VWF were prepared using a cell-derived biotinylated peptide representing the N-terminal 300 amino acids of GPIbα. Microbubbles targeted to platelet GPIbα were prepared by surface conjugation of dimeric recombinant murine VWF A1 domain (mature VWF amino acids 445-716). 7 Nontargeted microbubbles for control agent signal during molecular imaging and during perfusion imaging were prepared without the distearoylphosphatidylethanolamine-PEG (2000) biotin. Microbubble concentration was measured by electrozone sensing (Multisizer III; Beckman Coulter, Brea, CA).
MCE Perfusion and Molecular Imaging
MCE was performed with a linear-array probe transducer (15L8-S) interfaced with an ultrasound system (Sequoia; Siemens Medical Systems, Mountainview, CA) with a centerline frequency of 7 MHz. The nonlinear fundamental signal component for microbubbles was detected using multipulse phase and amplitude modulation. Imaging was performed in the midventricular short-axis plane, which in all animals encompassed portions of the ischemic risk area. For perfusion imaging, MCE was performed at a mechanical index of 0.18 during continuous intravenous infusion of microbubbles at 5×10 6 min −1
. End-systolic images were acquired for 20 cardiac cycles after a 5-frame destructive pulse sequence at a mechanical index of 1.1. Time-intensity data were fit to the function y=A(1−e − β t ), where y is intensity at time t, A is plateau intensity representing relative microvascular blood volume, β is the microvascular flux rate, and the product of A and β is an index of myocardial blood flow. 16 For molecular imaging, end-systolic frames were acquired 8 minutes after IV injection of 5×10 6 targeted or control microbubbles performed in random order. Signal intensity from retained microbubbles alone was determined as previously described by digital subtraction of the signal from the residual freely circulating microbubbles in the blood pool. Intensity was determined from regions of interest placed over the remote nonischemic territory and the microsphere-derived risk area, which was further subdivided into infarct and noninfarct risk area. In sham-treated animals, data were averaged for regions of interest over the anterior and posterior myocardium.
Echocardiography
High-frequency (30 MHz) transthoracic echocardiography (Vevo2100; Visualsonics, Inc, Toronto, Canada) was performed using a parasternal long-axis and parasternal short-axis plane at the basal, mid-left ventricle (LV), and apical imaging planes. LV area at end-systole and end-diastole and fractional area change were measured. Stroke volume was calculated as the product of the LV outflow tract cross-sectional area and timevelocity integral on pulsed-wave Doppler. Global circumferential strain on speckle tracking echo was calculated using the average of all values from each short-axis plane divided into 6 equal regions.
Risk Area and Infarct Area Measurements
The risk area and infarct area were measured as described previously. 17 At the completion of all protocols, the LAD ligature was retightened, and 200 μL of a 1% w/v solution of fluorescently labeled polystyrene microspheres 3 to 8 μm in diameter (Duke Scientific Corp, Palo Alto, CA) was injected in the LV apex and allowed to circulate for 1 minute. The heart was removed and cut into 7 equal-thickness short-axis sections, which were stained with 2,3,5-triphenyltetrazolium chloride. Digital images of the sections were acquired under UV light, and the summed area devoid of fluorescent microspheres for all sections was defined as the total risk area, expressed as a percent of the total LV area. The infarct area on 2,3,5-triphenyltetrazolium chloride staining was expressed as percent of risk area. The risk area and the subdivided infarct and noninfarct risk area on the slice corresponding to MCE imaging was used to define regions of interest for MCE perfusion and molecular imaging analysis, which were defined blinded to condition. Coregistration between the histological and echocardiographic transaxial planes was based on anatomic landmarks, including papillary muscle anatomy and relative LV and right ventricular dimension. For facilitating anatomic registration, after completing contrast-specific echocardiographic imaging for myocardial perfusion or molecular imaging, a short clip using standard 2-dimensional gray scale imaging at 14 MHz was acquired, which provided better spatial resolution.
Immunohistochemistry
After 45 minutes of myocardial IR, or after sham procedure, myocardial blood volume was removed by retrograde aortic perfusion at physiological pressure of isothermic PBS containing 2.5% albumin. Perfusion-fixed short-axis thick slices that included both the risk area and the nonischemic risk area were cut. Immunohistochemistry was performed using rat anti-mouse monoclonal antibody against platelet CD41 (ab33661; Abcam, Cambridge, MA) and secondary staining with donkey anti-rat Cy3-labeled poloyclonal antibody (Jackson Immuno Research, West Grove, PA). Endothelial staining was performed with Alexa Fluor 488-conjugated isolectin GS-IB4 (Invitrogen, Grand Island, NY). Nuclear counterstaining was performed with Hoechst 33342 (Invitrogen). Fluorescent microscopy was performed on a confocal system (TCS SP5; Leica Microsystems, Buffalo Grove, IL).
Statistical Analysis
Statistical analyses were performed using SPSS Statistics (v24.0; IBM Corp, Armonk, NY). Differences in proportions for mortality during IR were analyzed using a χ 2 test. For analyzing infarct size, molecular imaging, and perfusion data, paired tests where used when comparing risk area to remote area, whereas nonpaired tests were performed for comparisons between animal cohorts based on treatment (sham, ischemia, and ischemia with ADAMTS13) and based on strain (WT versus ADAMTS13−/−). Tests for normal versus nonnormal distribution were made using a ShapiroWilk test, which for molecular imaging data was applied to residual values. A Student t test (paired or unpaired) was performed for comparisons of normally distributed data. For non-normally distributed data, either a Mann-Whitney U test or Wilcoxon signed-rank test was used as appropriate according to experimental conditions (group-wise comparisons versus paired data within a group). Comparisons were made between WT mice and either WT+ADAMTS13 or ADAMTS13−/− mice. Differences were considered significant at P <0.05.
RESULTS
IR Mortality and Risk Area
Procedure-related mortality during closed-chest IR was the lowest for WT+ADAMTS13 (14%) mice and incrementally increased for untreated WT (43%) and ADAMTS13−/− mice (63%; χ 2 ; P=0.027). Heart rate before, during, and after MI (Table 1) , and the size of the risk area during LAD occlusion for either 30 or 45 minutes were similar between mouse strains and treatment assignments ( Figure 1A and 1B) . ADAMTS13 indicates a disintegrin and metalloproteinase with a thrombospondin type-1 motif member 13; HR, heart rate; and WT, wild-type. C, Mean (±SEM) microvascular blood flow from myocardial contrast echocardiography (MCE) performed during coronary occlusion in the risk area and remote territories, as well as from sham-treated mice. D, Example of background-subtracted, color-coded MCE images during coronary occlusion, and time-intensity data after a destructive pulse sequence from the risk area and remote territory. For images, time after destructive pulse is at upper left and color-coded scale at bottom of the 5 s image. ADAMTS13 indicates a disintegrin and metalloproteinase with a thrombospondin type-1 motif member 13; LV, left ventricle; RA, risk area; and WT, wild-type. *P <0.05 vs remote territory.
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Myocardial Perfusion
During LAD occlusion, MCE-derived myocardial microvascular blood flow (MBF) within the microspherederived risk area was similar between all groups of mice and was ≈25% of that in the remote territory ( Figure 1C ). Because mice lack any significant coronary collateral vessels, 18 residual perfusion was likely attributable to critical reduction but not abolishment of antegrade coronary flow. Myocardial MBF during coronary occlusion was similarly reduced when the total risk area was subdivided into the noninfarct risk area and the area destined for infarction. Myocardial MBF in the remote nonischemic territory during coronary occlusion tended to be higher than MBF in sham-treated mice, possibly reflecting greater oxygen demand (ie, from compensatory hyperkinesis or increased wall stress).
In WT mice, myocardial MBF measured 30 minutes after IR was significantly lower in the risk area than the remote territory (Figure 2A ). Compared with WT mice, WT+ADAMTS13 mice had a greater degree of microvascular reflow in the risk area whereas ADAMTS13−/− had less reflow. In the WT+ADAMTS13 mice, post-MI MBF was similar for the reperfused risk area and the control nonischemic region. When MBF data were analyzed on a parametric basis, the reduction in perfusion in the risk area in WT was from a decrease in microvascular flux rate (β), whereas ADAMTS13−/− also had a reduction in microvascular blood volume as well ( Figure 2B and 2C) . The degree of microvascular reflow tended to be greater in the noninfarct risk area than infarcted risk area for all 3 groups of mice ( Figure I in the Data Supplement).
Molecular Imaging of VWF and Platelets
On MCE molecular imaging 30 minutes after IR, signal enhancement for active VWF A1 domain and platelet GPIbα was low in both sham-treated mice and in the remote nonischemic territory for all mouse strains and treatment assignments ( Figure 3A and 3B) . Signal for VWF and platelets was higher in the postischemic risk area than the corresponding remote nonischemic territory for both WT and ADAMTS13−/− mice. In mice treated with recombinant ADAMTS13, there was no significant difference between the risk area and remote territory for either VWF or platelet signal, indicating that ADAMTS13 entirely eliminated selective signal enhancement in the risk area. The risk area signal in ADAMTS13-treated mice was significantly less than in WT and ADAMTS13−/− mice. There were no major differences in molecular imaging signal enhancement for the infarct and noninfarct portions of the risk area (Figure II in the Data Supplement). It is important to note, however, that molecular imaging signal enhancement was not corrected for regional differences in postischemic MBF, which is recognized to influence the number of microbubbles retained and hence signal intensity. 19 Fluorescent immunohistochemistry confirmed the presence of platelet adhesion in the myocardial microcirculation in the postischemic risk area (Figure 4) . Platelet adhesion was observed as single events or as linear grouping of platelets, but large aggregates were not observed. Platelet adhesion was absent in control nonischemic mice or in the remote nonischemic regions of mice undergoing IR. 
Infarct Size and 2-Dimensional Echocardiography
In protocol 3, a longer ischemic duration was used, and infarct size was assessed 3 days after IR to better assess the long-term impact of impaired microvascular reflow. Infarct size as a percentage of the risk area was significantly smaller in WT mice that were treated with ADAMTS13 and was larger in ADAMTS13−/− than WT mice ( Figure 5 ). Despite these differences in infarct size, on echocardiography, fractional area change was similar between groups, and only stroke volume was reduced in ADAMTS13−/− versus WT mice (Table 2) .
DISCUSSION
Impaired microvascular reflow after acute MI remains an unresolved issue that contributes to larger infarct size and worse clinical outcomes. 1, 20 Imaging techniques that directly assess microvascular integrity have demonstrated poor microvascular reflow in 20% to 35% of patients with reperfused ST-segment-elevation MI, despite having normal thrombolysis in MI flow grades in the epicardial artery. 20, 21 Based on the complexity of the many pathways that contribute to the microvascular no-reflow phenomenon, techniques that are capable of directly examining cellular events within the microcirculation would be useful for evaluating the efficacy or futility of targeted therapies. In the current study, we applied molecular imaging techniques capable of evaluating microvascular platelet adhesion in vivo in post-ST-segment-elevation MI no-reflow, which is of interest because it is a potentially modifiable process.
MCE imaging was used in this study to evaluate microvascular platelet adhesion, which can potentially play a multifaceted role in postischemic injury. 22 Platelet adhesion directly to the activated endothelium can occur through many pathways, including fibrinogen or fibronectin cross-bridging of β 3 receptors (α v β 3 and α IIB β 3 ), by interaction with PSGL-1 (P-selectin glycopro- Data are expressed as signal difference between targeted and control microbubbles (MB). C, Examples of color-coded MCE molecular imaging in the short-axis plane for targeted and control MBs (color scale at bottom) and the microsphere-derived risk area in the same short-axis plane. *P <0.05 vs remote territory; †P <0.05 vs wild-type and ADAMTS13−/− (a disintegrin and metalloproteinase with a thrombospondin type-1 motif member 13); ‡P <0.05 vs WT (wild type).
tein ligand-1), and interaction of platelet GPIbα with self-associated ultralarge multimeric form strings or networks that are present on the endothelium. Platelet adhesion and aggregation can lead to increased microvascular resistance directly through luminal obstruction or indirectly either by augmenting the postischemic inflammatory response or by promoting thrombin activity and vasospasm. [22] [23] [24] Histology from the current study suggests that in nonthrombotic coronary obstruction and reperfusion, large platelet aggregates do not form but rather platelet adhesion, including in linear arrangements, occur early after reflow within the postischemic risk area.
With regard to the specific role of VWF-mediated platelet recruitment, murine models of myocardial IR have revealed a reduction in infarct size in WT mice treated with recombinant ADAMTS13 and larger infarct size in ADAMS13−/− than WT mice. 12, 13 In the latter case, the infarct size in ADAMTS13−/− mice is not increased when there is also deficiency in VWF. 12 These studies have confirmed a role of ADAMTS13 and VWF in determining infarct size in mice. However, these studies did not quantify the degree of microvascular-associated VWF, the degree of platelet adhesion, or their relationship to the patency of the microcirculation. As a result, the mechanism for these strain-dependent differences in infarct size has been speculative, although effects on postischemic inflammatory cell recruitment has been suggested. 12, 13 Also, the recent finding that intracoronary administration of ADAMTS13 had no effect on infarct size in pigs has created some controversy on the role of VWF in IR injury, 25 although it should be mentioned that this study did not normalize infarct size to risk area; and post-MI ADAMTS13 activity was not impaired unlike what has been described in humans. 26 Our studies were designed to address uncertainty in the role of VWF regulation and platelet adhesion in microvascular reflow and infarct size and to demonstrate that these processes can be quantified noninvasively with state-of-the-art imaging. We used MCE to assess patency of the microcirculation early after reflow and MCE molecular imaging, which is unique in its ability to examine only events that occur at the interface between the blood pool and the vasculature. Our results provide direct evidence for excess intravascular VWF and platelet adhesion after MI in the entire risk area, which is reduced by exogenous ADAMTS13 and is greater in mice genetically lacking ADAMTS13. On a group-wise basis, greater signal enhancement for VWF and platelets was associated with less microvascular reflow and larger infarct size. The finding that microvascular perfusion in the risk area was restored by recombinant ADAMTS13 strongly suggests that VWF was endothelial-associated rather than collagen-associated because complete normalization of flow after exposure to matrix would be highly unlikely in the latter circumstance. Although the GPIbα receptor for VWF is constitutively expressed and does not require platelet activation, the more activated status of platelets from patients with ST-segment-elevation MI who have no-reflow 27 is likely to be important in terms of converting adhesion to aggregation.
Although the primary purpose of the study was to use molecular imaging to directly link excess endothelial-associated VWF, platelet adhesion, and microvascular no-reflow; our results also suggest that maintaining the ability to proteolytically cleave VWF multimers could represent a targeted therapy for microvascular no-reflow. This idea is underscored by recent first-in-human phase 1 studies of recombinant ADAMTS13 for congenital thrombotic thrombocytopenic purpura. 28 Therapeutic use of ADAMTS13 or other therapies aimed at rescuing VWF proteolytic activity in MI will require much more extensive studies examining the influence of ischemic duration and timing of therapy, as well as models that better recapitulate patients with acute MI.
There are several limitations of this study. We have not elucidated reasons for excess microvascular endothelialassociated VWF. A likely pathway involves heightened oxidative stress during reperfusion injury, which can potentially reduce the activity of ADAMTS13 to cleave VWF at the A2 domain.
Although large, group-wise differences were found for platelet and VWF molecular imaging signal, these differences were likely to have been underestimated. This statement is based on the notion that cumulative microbubble entry into tissue is determined by the relative blood flow into the tissue, and groups with the lowest post-MI perfusion also had the highest signal. With regard to clinical translation of our findings, we did not perform studies in the presence of aspirin, heparin, or other antithrombotic agents that are commonly used in patients undergoing primary percutaneous coronary intervention or thrombolytic therapy. Although data are presented for the risk area subdivided into the infarct and noninfarct regions, the limits for spatial resolution of MCE made this analysis difficult. Accordingly, the primary analysis was based on total risk area. It is also important to note that LV function was measured early after MI and may not reflect the long-term consequences of LV remodeling. Finally, mortality rates in the study were higher than expected when performing IR, which we have found to be attributable to the prolonged anesthesia time and volume loads in the form of contrast that was administered in the immediate post-MI period.
In summary, by pairing microvascular perfusion imaging with molecular imaging, we have definitively demonstrated the presence of excess microvascular VWF post-MI, and secondary platelet adhesion. These processes seem to contribute to impaired microvascular reflow and can be potentially modified by strategies that improve ADAMTS13 regulatory activity on endothelial-associated VWF. 
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